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Chemotherapy-induced alopecia represents one of the
major unresolved problems of clinical oncology. The
underlying molecular pathogenesis in humans is virtu-
ally unknown because of the lack of adequate research
models. Therefore, we have explored whether micro-
dissected, organ-cultured, human scalp hair follicles
(HFs) in anagen VI can be exploited for dissecting and
manipulating the impact of chemotherapy on human
HFs. Here, we show that these organ-cultured HFs re-
spond to a key cyclophosphamide metabolite, 4-hy-
droperoxycyclophosphamide (4-HC), in a manner that
resembles chemotherapy-induced HF dystrophy as it
occurs in vivo: namely, 4-HC induced melanin clumping
and melanin incontinence, down-regulated keratino-
cyte proliferation, massively up-regulated apoptosis of
hair matrix keratinocytes, prematurely induced cata-
gen, and up-regulated p53. In addition, 4-HC induced
DNA oxidation and the mitochondrial DNA common
deletion. The organ culture system facilitated the iden-
tification of new molecular targets for chemotherapy-
induced HF damage by microarray technology (eg, in-
terleukin-8, fibroblast growth factor-18, and glypican
6). It was also used to explore candidate chemotherapy
protectants, for which we used the cytoprotective cyto-
kine keratinocyte growth factor as exemplary pilot
agent. Thus, this novel system serves as a powerful yet
pragmatic tool for dissecting and manipulating the im-

pact of chemotherapy on the human HF. (Am J Pathol

2007, 171:1153–1167; DOI: 10.2353/ajpath.2007.061164)

Chemotherapy-induced alopecia (CIA) and hair follicle
(HF) dystrophy rank among the major and most frequent,
unresolved problems of clinical oncology.1–5 Although
CIA has been studied since the early 1960s, using cyclo-
phosphamide (CYP) as a lead substance,6–9 until today no
fully satisfactory preventive or therapeutic form of manage-
ment is as yet available. One reason for this is that CIA
presents a major therapeutic conundrum10: the same
agents that may protect the HF from chemotherapy-in-
duced damage may have a similar—clearly undesired—
effect on tumor cells and/or are immunosuppressive.
Furthermore, counteracting the chemotherapy-induced HF
damage by coadministering defined agents, paradoxically,
can retard full HF recovery from chemotherapy, with a sub-
sequently much slower regrowth of normally pigmented hair
shafts.11–14

Currently the best available model for studying and
manipulating CIA in vivo is the mouse, and this has been
instrumental for characterizing the principle features of
chemotherapy-induced HF damage and its pathogene-
sis, for defining the distinct HF strategies to recover from
it, to obtain concrete pharmacological leads for manag-
ing CIA, and for identifying key molecular players in CIA
pathogenesis.3,11,15–19 Valuable additional suggestions
to pharmacological tools for managing CIA have come
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from a neonatal rat model of CIA.20,21 However, what is
most urgently needed for therapeutic progress are clini-
cally relevant human in vitro models that allow one to
dissect the molecular pathogenesis of CIA and to de-
velop new strategies for managing human CIA under
physiologically relevant conditions. The current study
aims to develop and characterize such an in vitro model,
using human HF organ culture.22 The main goal of our
study was not to identify damage response pathways that
are specific to chemotherapy but to develop the first
human assay that recreates in vitro the key aspects of the
histopathological characteristics published long ago by
prominent dermatopathologists for the response of hu-
man scalp skin follicles to CYP treatment in vivo. In addi-
tion, we wished to identify a number of additional read-
out parameters and damage pathways whose further
exploration is particularly promising for future experimen-
tal work on this topic.

Given the wealth of clinical and animal data now
available on CYP-induced CIA in human and
mouse,2,6,7,9 –14,17–19,23 we opted for cyclophospha-
mide [cis-(�-2-bis(2-chloroethyl)amino)tetrahydro-2-
oxide-2H-1,3,2-oxazaphosphorine] as a reference test
substance—the gold standard alkylating agent24,25

that has long been used in clinical oncology and be-
yond.2,25 In vivo, metabolism and activation of the drug
occurs via the hepatic microsomal cytochrome P450
system. The first oxidation product of CYP is 4-hydro-
cyclophosphamide (4-HO-CP), which undergoes sev-
eral nonenzymatic reactions.25–27 In the absence of the
hepatic cytochrome P450 system (ie, in in vitro stud-
ies), the most appropriate metabolite for in vitro study is
4-hydroperoxycyclophosphamide (4-HC), which spon-
taneously converts to 4-HO-CP in aqueous solution
and thus generates the downstream active toxic me-
tabolites of CYP (such as phosphoramide mustard,
acrolein, and other intermediates). These preferentially
target and kill cells with high proliferative activity25,28—
including the rapidly proliferating matrix keratinocytes
of the growing anagen VI HF bulb.1–3,6 We have cho-
sen 4-HC for our in vitro studies not only because it is
one of the best-studied CYP metabolites but also
based on several previous reports on diverse cell lines
that have shown that 4-HC mimics CYP activities in vivo
very well under in vitro conditions.27,29

The clinical histopathology of CYP-induced alopecia
was characterized several decades ago4–6,9,30,31 and
has been reproduced in mice.11,15,16 The key abnormal-
ities of the human anagen HF in the so-called degener-
ation phase of CIA include atrophy of the hair matrix,
tapering of the hair shaft, partial loss of inner and outer
root sheath layers in vivo, shrinkage of the follicular der-
mal papilla (DP), premature apoptosis-driven31 HF re-
gression (catagen), and eventually, distortion of the entire
HF architecture (severe HF dystrophy). The DP fibro-
blasts are much less affected, whereas massively and
primarily affected cells are the keratinocytes of the hair
matrix and the melanocytes of the HF pigmentary unit.6,23

The melanocytes of the HF pigmentary unit are in
intimate contact with hair matrix keratinocytes and differ
in several respects from epidermal melanocytes.32–34

Only during the growth stage of the hair cycle (anagen III
to VI) are melanosomes transported to the keratinocytes,
whereas HF involution (catagen) is proceeded and char-
acterized by a complete arrest of melanin produc-
tion.32–34 The melanin-producing and -transporting pig-
mentary unit is one of the primary targets of CIA,
leading to disruption of normal melanin production and
transfer (eg, abnormal transfer of pigment granules to
ectopic hair bulb locations, extrafollicular melanin in-
continence, disordered formation of melanosomes,
and inhibition of melanosome transfer into precortical
keratinocytes).6,18,23,35,36 Such pigmentation abnormali-
ties are not restricted to the HF, because chemotherapy
can be associated with epidermal hyperpigmentation.18

In mice, this enhanced pigmentation may result from
CYP-induced proliferation and migration of the follicular
melanocytes into the interfollicular epidermis.18

Based on insights from the C67BL/6J mouse model for
CIA,11,12 a comprehensive guide is now available that de-
fines basic criteria for recognizing, classifying, and measur-
ing chemotherapy-induced HF dystrophy and that summa-
rizes the two distinct dose-dependent pathways of
chemotherapy-induced HF damage (dystrophic anagen
and dystrophic catagen pathways).20 During the so-called
dystrophic anagen pathway (induced mainly by a lower
dose of chemotherapy), the hair shaft is shed, and the
follicle undergoes an incomplete primary recovery (ie, gen-
eration of a defective hair shaft) followed by a retarded
secondary recovery during which a normal hair shaft is
generated. HFs that undergo the dystrophic catagen path-
way (eg, in response to a higher dose of chemotherapy)
immediately enter into a dystrophic catagen stage, followed
by an abnormally shortened telogen phase, and thus rapid
secondary recovery by premature induction of a new ana-
gen phase. Therefore, even though it is clinically associated
with the most dramatic effluvium/alopecia, the dystrophic
catagen pathway leads to the fastest, complete HF recov-
ery.11 The principle challenge for a human in vitro assay for
CIA research is to reproduce at least the key features of the
initial stages of HF damage along these pathways.

The tumor suppressor p53 and the Fas signaling path-
way (as p53 target) have been identified as pivotal play-
ers in controlling CYP-induced HF keratinocyte apoptosis
in mice.3,17,37 One challenge therefore is to study
whether these controls are also important in the human
system. To this end, we have used p53 immunohistology
and real-time reverse transcriptase-polymerase chain re-
action (RT-PCR)-verified DNA microarray technology
(Human Whole Genome Oligo Microarray, 44K) to identify
previously unknown target genes that may also be in-
volved in mediating CYP-induced HF dystrophy in the
human system. In view of more recent insights into the
role of DNA damage in the tissue disruption caused by
chemotherapy, we have also assayed for the presence of
the mitochondrial DNA common deletion38 and have
screened for immunohistological evidence of DNA oxida-
tion39,40 in 4-HC-treated HFs.

In addition, the HF dystrophy-mitigating effect of the
many agents that have been successfully used to reduce
CIA or to enhance normal hair shaft regrowth in various
animal models in vivo11–14 now need to be validated in a
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human CIA in vitro assay. Therefore, we opted for ideally
studying the cytoprotective growth factor KGF (keratinocyte
growth factor, fibroblast growth factor-7), because it
strongly reduces CIA in mice,41 is a potent survival factor for
epithelial cells in vivo,42,43 and inhibits massive apoptosis
induced by reactive oxygen species, both in human kera-
tinocytes in vitro and in organ-cultured human HFs.44

Materials and Methods

CYP Metabolites

4-Hydroperoxycyclophosphamide (4-HC) was obtained
from Niomec (Bielefeld, Germany). Five different 4-HC con-
centrations (1, 3, 10, 30, and 100 �mol/L) were prepared on
ice in Williams’ E medium immediately before use because
of the short half-life of the compound.27 These concentra-
tions were selected to imitate relevant serum levels of toxic
CYP metabolites of patients that receive the prodrug (CYP)
during normal and high-dose therapy.45–47

HF Organ Culture

Anagen VI HFs were microdissected and organ-cultured
as described.22,48,49 Human anagen VI HFs were iso-
lated from excess normal human scalp skin obtained
from female patients undergoing routine face-lift surgery.
All experiments were performed according to Helsinki
guidelines and with appropriate ethics committee ap-
proval and patient consent. Isolated HFs were main-
tained in supplemented, serum-free William’s E medium
(Biochrom, Cambridge, UK) supplemented with 2 mmol/L
L-glutamine (Invitrogen, Paisley, UK), 10 ng/ml hydrocor-
tisone (Sigma-Aldrich, Taufkirchen, Germany), 10 �g/ml
insulin (Sigma-Aldrich), and 1% antibiotic/antimycotic
mixture (100�; Gibco, Karlsruhe, Germany). HFs were
first incubated overnight, and then the next day (day 1)
medium was exchanged and vehicle/test substance was
added to each well. To avoid the recognized neighboring
well effect exerted by 4-HC metabolites,27 4-HC-treated
HFs were cultured in a separate incubator from control
HFs. For morphological examination, long-term cultures
were performed (5 days), whereas short-term experi-
ments (48 hours) were used for the investigation of cel-
lular CYP effect. Hair shaft length was measured every
second day on each individual HF, using a Zeiss (Jena,
Germany) inverted binocular microscope with an eye-
piece measuring graticule. Because HF growth in vitro
may depend on the exact hair cycle stage in vivo during
which the HFs were harvested,50,51 only HFs that showed
all of the accepted morphological criteria of anagen
VI7,52,53 were selected for organ culture. Because it is
impossible to state which exact substage of human ana-
gen VI these HFs represented (no reliable molecular
markers available yet), we cannot exclude that the ob-
served slight differences in the hair growth modulation by
4-HC (9 to 16% deviation) are attributable, at least in part,
to the fact that the HFs were in different substages of
anagen VI at the onset of culture.

To study the possible tissue-protective effect of KGF,
isolated HFs were incubated overnight and pretreated
with KGF (20 ng/ml; R&D Systems, Wiesbaden-Norden-
stadt, Germany) for 24 hours followed by the 4-HC treat-
ment (10 or 30 �mol/L) for 2 or 4 more days. These 4-HC
concentrations were based on the recognized serum
levels of CYP metabolites45–47 in patients in vivo and were
selected on the basis of preparatory screening experi-
ments (not shown here), in which these concentrations
best reproduced in vivo effects after in vivo CYP therapy in
humans and mice.6,9,11,13 Because of the very limited
availability of human scalp HFs for these experiments,
only one selected dose of KGF could be studied, which
we had previously demonstrated to counteract signifi-
cantly menadione-induced HF toxicity.44

High Resolution Light Microscopy (HRLM)
and Transmission Electron Microscopy (TEM)

Human scalp HFs incubated with 4-HC for 4 days (five
HFs in each treatment group, total n � 30 HFs) were
prepared for HRLM and TEM as previously described.54

Histology

After cryoembedding of cultured HFs, 8-�m-thick cryostat
sections were prepared for histology. HF morphology and
HF cycle staging were done on hematoxylin and eosin
(H&E)-stained sections (Sigma),49 whereas for histochemi-
cal visualization of melanin, routine Masson-Fontana stain
was performed.55 As a sensitive indicator of HF dystrophy,
which becomes evident as defective melanosome forma-
tion and transfer,11,14–16 the presence of abnormally large
melanin clumps (ie, Masson-Fontana� conglomerates that
were larger than keratinocyte nuclei) was counted as a
useful parameter for quantitatively assessing the degree of
HF dystrophy (modified after Hendrix et al23).

Immunohistochemistry

For the simultaneous detection of apoptotic and prolifer-
ating cells in different HF compartments after 4 days of
4-HC treatment, the Ki-67/TUNEL (terminal deoxynucleo-
tidyl transferase-mediated dUTP nick end-labeling) stain-
ing was performed as described.49 Proliferating matrix/
epidermal keratinocytes of normal human skin and frozen
sections of murine spleen were used as positive control
tissues for the Ki-67/TUNEL reaction. To visualize con-
nective tissue sheath and DP fibroblasts that underwent
apoptosis, a fibroblast marker (CD 90)/TUNEL double
staining was used. A similar protocol was used as in case
of Ki-67/TUNEL double labeling, replacing the primary
Ki-67 antibody with the mouse anti-fibroblast antibody
(CD90, 1:100; Dianova, Hamburg, Germany).

HF melanocyte proliferation was assessed by
NKI-beteb/Ki-67 double staining. HF cryosections were
presaturated with normal goat serum (10% in Tris-buff-
ered saline) and incubated with the primary Ki-67 anti-
body as described above, followed by an incubation with

Chemotherapy-Induced Human HF Dystrophy 1155
AJP October 2007, Vol. 171, No. 4



the secondary rhodamine-labeled goat anti-mouse anti-
body (1:200, 45 minutes, room temperature; Jackson
ImmunoResearch Laboratories, Soham, UK). Next, the
treatment with goat normal serum was repeated and slides
were incubated with the primary NKI-beteb (1:50 in Tris-
buffered saline plus 2% goat normal serum; Monosan,
Uden, The Netherlands) overnight at �4°C, followed by the
secondary, fluorescein isothiocyanate-labeled goat anti-
mouse antibody (for 45 minutes at room temperature).

Because 4-HC can act as a potent inducer of oxidative
DNA damage, eg, in leukemia cell lines,56 we wished to
clarify whether DNA oxidation actually occurs in 4-HC-
treated (4 days) human scalp HFs. For the immunodetec-
tion of oxidized DNA,57,58 the presence of 8-hydroxy-2�-
deoxyguanosine (8-OHdG) was assessed, using the highly
sensitive tyramide signal amplification method.49 The same
technique was used for the immunodetection of p53. In both
cases, endogenous peroxidases were saturated with 3%
H2O2, followed by avidin-biotin incubation (2 � 15 minutes,
Avidin/biotin blocking kit; Vector Laboratories, Burlingame,
CA). After 5% normal goat serum (DAKO, Glostrup, Den-
mark) pretreatment, HFs were incubated with the primary
mouse antibody against 8-OHdG [5 �g/ml in TNB (0.1 mol/L
Tris-HCl, pH 7.5, 0.15 mol/L NaCl, and 0.5% blocking re-
agent), overnight at �4°C; Japan Institute for the Control of
Aging, Harouka, Japan] or primary mouse p53 antibody
(clone DO-1, 1:1000 in TNT plus 2% normal goat serum,
overnight at �4°C; Novocastra Laboratories Ltd., New-
castle, UK). On the next day sections were incubated with a
biotinylated goat anti-mouse secondary antibody (1:200, 45
minutes, room temperature; Jackson ImmunoResearch
Laboratories), were then incubated with streptavidin-conju-
gated horseradish peroxidase (1:100, 30 minutes, tyramide
signal amplification kit; Perkin-Elmer, Boston, MA) and were
finally incubated with tyramide (1:50, tyramide signal ampli-
fication kit). For p53 immunostaining, UVB-irradiated (50
mJ/cm2, �3� minimum UV-B erythema dosis, 24 hours
after irradiation) organ-cultured normal human scalp skin59

served as positive control.60

To confirm whether 4-HC induces oxidative DNA alter-
ations, the presence of an additional DNA damage
marker, APE1/Ref1 (abasic endonuclease/redox factor-
1), which is responsible for repairing abasic sites in DNA
and for regulating the redox state of other proteins that
play roles in oxidative signaling,39,40 was visualized using
the peroxidase-based avidin-biotin complex method
(Vectastain Elite ABC Kit; Vector Laboratories) as de-
scribed.49 Frozen sections were fixed in 4% formalin and
rinsed (phosphate-buffered saline supplemented with
Tween 20, PBST; Merck, Darmstadt, Germany) and en-
dogenous peroxidase activity was saturated with 0.3%
H2O2 in methanol for 15 minutes. Sections were incu-
bated with normal horse serum for 30 minutes and then
with the primary mouse anti-APE1/Ref1 antibody (1: 200
in PBST, 30 minutes, in humidified chamber; Kamiya
Biomedicals, Seattle, WA). After the incubation with a
biotinylated horse anti-mouse antibody (30 minutes), sec-
tions were treated with Vectastain ABC reagent and vi-
sualized with Nova Red substrate (Vector Laboratories).
The immunoreactivity was quantitated in previously de-
fined reference regions of the HFs, as indicated in the

figure legends, using the ImageJ software (National In-
stitutes of Health, Bethesda, MD).

Detection of Mitochondrial Common DNA
Deletion

To study whether 4-HC treatment induces the mitochon-
drial common DNA deletion, HFs were incubated with
vehicle or 30 �mol/L 4-HC for 24 hours. HFs were ho-
mogenized, and genomic DNA was isolated by the Wiz-
ard SV genomic DNA purification system (Promega,
Mannheim, Germany) following the manufacturer’s in-
structions. Detection of the common deletion was per-
formed as described previously38,61 and levels of the
common deletion and undeleted mitochondrial DNA se-
quences were detected with real-time PCR. The normal-
ized level of common deletion in vehicle-treated follicles
(�1) was compared with the normalized common dele-
tion level of 4-HC-treated follicles.62

Quantitative Hair Cycle Histomorphometry

HF cycle staging was performed according to previously
defined morphological criteria,7,52,63 and the percentage
of HFs in anagen, early, mid, or late catagen was deter-
mined. To quantify the overall changes in HF cycling, a
standardized hair cycle score64 was calculated [score:
anagen VI follicles: 100, early catagen: 200, mid-cata-
gen: 300, and late catagen: 400, and sum of scores/
group was divided by the number (n) of HFs].

Microarray and Real-Time Quantitative RT-PCR
Analysis of Selected Candidate Genes

Gene expression analysis of HFs from two different indi-
viduals using Human Whole Genome Oligo Microarray
(44K) was performed as a commercial service by Miltenyi
Biotech GmbH (Cologne, Germany). Twenty HFs per
group were treated with vehicle/4-HC (30 �mol/L) for 48
hours, total RNA was isolated according to standard
protocols (TRIzol; Invitrogen). Quality of total RNA was
controlled via the Agilent 2100 BioAnalyzer system
(Aglient Technologies, Palo Alto, CA). Linear amplifica-
tion of RNA and hybridization of whole-genome oligo
microarray was performed according to the manufactur-
er’s standard protocols. All compared test and control
HFs were derived from one defined scalp skin region of
the same donor, and the gene expression profiles of two
donors were compared independently. Candidate genes
were selected according to the following rigid selection
criteria: only those genes whose transcription had changed
more than fivefold (and in addition, more than twofold), in
an equidirectional manner (ie, whose transcription was
significantly up- or down-regulated in both individuals)
and with a P value of �0.0001 were further evaluated.

The products of genes selected according to these
criteria were then subjected to real-time quantitative RT-
PCR (Q-PCR) analysis of separate RNA extracts derived
from a third female individual, using an ABI Prism 7000

1156 Bodó et al
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sequence detection system (Applied Biosystems, Foster
City, CA) and the 5� nuclease assay.49 From control and
4-HC-treated HFs (20 per group), total RNA was isolated
using TRIzol (Invitrogen). Then, 3 �g of total RNA were
reverse-transcribed into cDNA by using 15 U of AMV
reverse transcriptase (Promega, Madison, WI) and 0.025
�g/�l random primers (Promega). PCR amplification was
performed by using the TaqMan primers and probes
(recognizing the following human genes: assay ID
Hs00170677_m1 for GPC6; Hs00181643zjh010077412.
htmm1 for CTNND2; Hs00224208_m1 for SMYD3;
Hs00215450_m1 for COH1; Hs00818572_m1 for FGF18;
Hs00205417_m1 for B1; and Hs00174103_m1 for IL8) us-
ing the TaqMan Universal PCR Master Mix protocol (Ap-
plied Biosystems). As internal controls, transcripts of glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) were
determined (assay ID: Hs99999905_m1 for human
GAPDH).

Statistical Analysis

Data were analyzed using the Mann-Whitney U-test, and
P values �0.05 were regarded as significant differences.

Results

4-HC Inhibits Hair Shaft Elongation at High
Concentrations

In the current study, we wished to establish and charac-
terize an in vitro human model for CYP-induced HF dam-
age. To overcome the evident lack of a CYP-toxifying
hepatic cytochrome P450 system in this in vitro assay, the
microdissected, organ-cultured HFs were treated with

4-HC. This spontaneously converts to a cocktail of active,
toxic CYP metabolites, thus mimicking the in vivo effects
seen after CYP administration to humans.27 HF organ
cultures were treated for 4 days with a wide concentration
range (0 to 100 �mol/L) of 4-HC that had been selected
to reach relevant serum levels of toxic CYP metabolites
as they are found in patients that receive the prodrug
during normal and high-dose CYP therapy.45–47

As shown in Figure 1, lower concentrations (1, 3, and 10
�mol/L) did not significantly alter hair shaft elongation dur-
ing the culture period. Higher concentrations (30 and 100
�mol/L), instead, caused significant (P � 0.001) inhibition of
hair shaft elongation, whereas 100 �mol/L 4-HC arrested
hair shaft growth immediately during the first treatment
period.

4-HC Induces Premature Catagen-Like HF
Transformation

In vivo, CYP treatment in humans and mice exerts dose-
dependent damaging effects on anagen HFs and forces
these to enter either into the dystrophic catagen or the
dystrophic anagen pathway.11,23 Therefore, it is important
to note that 4-HC indeed induced premature catagen-like
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development in a dose-dependent manner (Figure 2, A and
B), as revealed by quantitative hair cycle histomorphom-
etry64: just as we had previously shown for mice in vivo,11

increasing 4-HC concentrations increased the percentage
of catagen follicles (Figure 2A), along with an increase in the
diameter of the DP compared with the total hair bulb diam-
eter as a result of hair matrix shrinkage (data not shown).

In contrast, 80% of HFs treated with 100 �mol/L 4-HC
were arrested in a highly dystrophic, both necrotic and
apoptotic pseudo-anagen VI stage, suggesting that
these maximally damaged HFs had become incapable of
regular catagen-associated organ remodeling and invo-
lution because of massive, 4-HC-induced tissue death
(Figures 2 and 5, see below). Interestingly, the lowest
4-HC dose tested (1 �mol/L) slightly (although nonsignifi-
cantly) increased the percentage of anagen VI HFs and
reduced that of late catagen HFs compared with the
vehicle control (Figure 2). This suggests that a lower level
of chemotherapy-induced damage induced the dystro-
phic anagen—just as is seen in murine HFs in vivo.11,23

4-HC Inhibits Matrix Keratinocyte Proliferation
and Stimulates Apoptosis in Selected
Chemotherapy-Sensitive HF Compartments

As a result of their alkylating properties, active CYP me-
tabolites preferentially kill cells with high proliferative po-
tential.23,27,28 This effect was fully reproduced in our in
vitro assay. Quantitative Ki-67/TUNEL double immuno-
staining performed on HFs exposed to 4-HC for 4 days
showed that CYP metabolites significantly and dose de-
pendently decreased the absolute number of proliferat-
ing (ie, Ki-67�) hair matrix keratinocytes and, in parallel,
drove them into apoptosis (Figure 3, A–F, I, and K).
Interestingly, the relative number of proliferating hair ma-
trix keratinocytes (number of Ki-67� cells/number of
DAPI� cells � 100; Figure 3J) showed a peak at 1
�mol/L. Intriguingly, the presence of proliferating HF pig-
mentary unit melanocytes could be demonstrated in the
precortical matrix of 4-HC (3 �mol/L)-treated HFs by
double-immunolabeling (Figure 3Ci), just as had previ-
ously been shown in CYP-treated mice in vivo.

Drug-induced apoptosis was not entirely restricted to
the keratinocyte region, because TUNEL� cells were also
identified in the HF connective tissue sheath (Figure 3K),
which also harbors other cells besides specialized fibro-
blasts, eg, mast cells, macrophages, endothelial cells,
and dermal dendrocytes. Thirty �mol/L 4-HC even in-
duced programmed cell death in a few cells (�3) of the
HF DP (as revealed by the fibroblast marker/TUNEL dou-
ble staining; Figure 3, G, H, and K), which was elevated
to 30% at 100 �mol/L. However, as expected from the
reported clinical histopathology of CYP-treated HFs,6

lower dose 4-HC treatment did not significantly stimulate
apoptosis in HF fibroblasts (ie, the number of TUNEL�/
CD90� double-positive fibroblasts in the CTS and the
DP of 4-HC-treated did not differ significantly from
vehicle controls, data not shown). These findings sug-
gest that, depending on the actual dose of therapeutic
agent that reaches the HF, drug-induced cell death is

not restricted just to the highly damage-sensitive, rapidly
proliferating hair matrix, but also affects the HF mesen-
chyme. This may impair the crucial inductive properties
of the HF fibroblasts, which are essential for anagen
maintenance.6,52,65

4-HC Induces HF Dystrophy, as Evidenced by
Disrupting Follicular Pigmentation

The most easily detectable and sensitive morphological
sign of CYP-induced damage of C57BL/6J murine and
human HFs is the disruption of melanin accumulation and
transfer.23,35,16,66 When HF melanin was visualized by
Masson-Fontana histochemistry (Figure 4), HFs treated
with 1 or 3 �mol/L 4-HC showed primarily normal pig-
mentation: neither ectopic melanin granules nor melanin
clumping were detected (Figure 4, A–C). The first mela-
nin clumps (reflecting melanin granule fusion and patho-
logical extracellular melanin deposits) appeared after
treatment with 10 �mol/L 4-HC, whereas 30 �mol/L es-
sentially destroyed melanin production by the HF pig-
mentary unit (Figure 4, D and E). The quantification of
pathological melanin production showed a significant in-
crease in the number of melanin clumps (Figure 4G). In
the group treated with 100 �mol/L 4-HC, melanin was
even localized in the HF mesenchyme (ie, in the DP,
although they were not seen in the CTS) (Figure 4F).

HRLM and TEM Show Severe Ultrastructural
Changes in Diverse Cell Types of Human HF
after 4-HC Administration

Next, the effects of 4 days of 4-HC administration on the
epithelium, pigmentary system, and mesenchyme of or-
gan-cultured normal human anagen VI HFs was further
investigated by HRLM and TEM. Vehicle-treated HFs
showed perfectly normal anagen VI morphology, charac-
terized by an optimal invagination of a voluminous, onion-
shaped HF DP that is fully embedded into a maximally
proliferating epithelial hair bulb matrix (Figure 5a, i–v).
The pigmentary units of these HFs contained multiple
melanogenically active and dendritic hair bulb melano-
cytes and showed evidence of efficient, orthotopic trans-
fer of melanin granules to surrounding, closely adjacent
hair matrix and precortical matrix keratinocytes (Figure
5a, ii–iv). DP fibroblasts showed their normal ultrastruc-
ture67 and were embedded in copious extracellular ma-
trix (Figure 5av).

The addition of 1 �mol/L 4-HC was associated only
with minor changes in HF morphology and ultrastructure
(Figure 5b, i–v), including a reduction in matrix keratino-
cyte proliferation with a resultant reduction in hair bulb
matrix volume. Although the pigmentary unit of these HFs
retained melanogenically active HF melanocytes, these
cells tended to be less dendritic and exhibited some
clumping of stage IV melanosomes (Figure 5b, iii and iv).
This change was associated with a reduction in the effi-
ciency of melanin transfer to surrounding, often poorly
adherent, matrix and precortical keratinocytes (Figure
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Figure 3. 4-HC inhibits matrix keratinocyte proliferation and stimulates apoptosis in several HF compartments. A–F: HFs were double-labeled with Ki-67 (red)/TUNEL
(green) and counterstained with DAPI (blue). Ki-67-positive cells were counted in the matrix keratinocytes below the distal end of the DP (C) and are expressed as relative
number (I) or percentage of all (DAPI �) cells (J). K: TUNEL-positive cells were analyzed in two additional compartments: DP and CTS. MK, matrix keratinocytes; Ci,
NKI-beteb (melanocyte marker)/Ki-67 double staining. Arrow denotes double-stained melanocyte. Note the proliferative HF pigmentation unit melanocytes in the
precortical matrix of 4-HC (3 �mol/L)-treated HFs, as previously reported by Sharov and colleagues18 for CYP-treated mice in vitro. G and H: Fibroblast marker
(red)/TUNEL (green) double staining. Data are expressed as mean � SEM. Statistical analysis was performed using the Mann-Whitney U-test, *P � 0.05, ***P � 0.001.
Original magnifications: �200 (A–F); �400 (G and H).
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5biii). Exposure to 1 �mol/L 4-HC also induced cell stress
in the DP fibroblast, as evidenced ultrastructurally by
increased cytoplasmic lipid droplets and vacuolation
(Figure 5bv).

As expected HF exposure of HFs to 3 �mol/L and 10
�mol/L 4-HC caused much more dramatic morphologi-
cal/ultrastructural changes (Figure 5, c and d). These
included involution and retraction of the HF epithelium in
a catagen-like manner (Figure 5, ci and di), a marked
disruption of the HF pigmentary unit, and a significant
vacuolation of hair bulb keratinocytes and HF melano-
cytes at the matrix-DP junction (Figure 5cii). Cell death,

with the morphological features of apoptosis, was com-
monly seen in the hair bulb matrix of these HFs and was
more commonly found in the HF keratinocyte, than in the
melanocyte (Figure 5c, ii–iv; and Figure 5d, ii and iii).
Active melanogenesis was still observed in 4-HC-treated
HF melanocytes (Figure 5, civ and div), although transfer
of melanin to surrounding keratinocytes was impaired.
Significant cellular stress was apparent in the DP fibro-
blasts under these conditions, as evidenced most im-
pressively by the presence of giant lysosomal structures
containing lipidic material in addition to cellular debris
(Figure 5, cv and dv).

Exposure of anagen VI HFs to 4-HC at 30 and 100
�mol/L also induced HRLM and TEM features of necrosis
(Figure 5e, i–v; and f, i–v). At 30 �mol/L, HFs appeared to
have undergone a (apoptosis) catagen-like change for
some time before this necrosis ensued, as indicated by
signs of epithelial cell retraction and substantial shrink-
age of the hair matrix volume (Figure 5ei). By contrast,
HFs exposed to 100 �mol/L 4-HC retained a pseudo-
anagen VI morphology indicating that necrosis occurred
very soon after the commencement of 4-HC exposure,
rendering such catagen-like organ transformations im-
possible (Figure 5f).

p53 Seems to Be Involved in 4-HC-Induced
Human HF Dystrophy

As a first step toward dissecting the possible mecha-
nisms of the CYP-induced HF damage in the human
system, p53 immunoreactivity was studied because p53
is an essential mediator of CIA and HF dystrophy in
C57BL/6J mice.17 Using a monoclonal p53 antibody that
recognizes both wild-type and mutant forms of human
p53,68 no p53-positive cells were found in the vehicle-
treated control HFs (neither in anagen, nor in catagen
HFs) (Figure 6A). Instead, as shown in Figure 6, B–G,
4-HC significantly and dose dependently up-regulated
the number of immunohistologically detectable p53�

cells in the epithelial matrix keratinocytes, whereas a few
p53� could also be seen in the CTS, outer root sheath,
and sometimes even in the DP, depending on the 4-HC
dose used.

4-HC Induces the Mitochondrial Common
DNA Deletion

Given that CYP metabolites act as alkylating agents
mainly because of cross-linking of strands of DNA,24,25

we further investigated 4-HC-induced DNA changes. Ac-
quired mitochondrial DNA mutations are typically medi-
ated through reactive oxygen species,69 which persist as
long-term in vivo markers in human skin.70 When HFs
were isolated from three different human individuals and
exposed to 30 �mol/L 4-HC in organ culture, compared
with the vehicle group, a massive induction of mitochon-
drial common DNA deletion was observed in two of the
three experimental groups, fluctuating between a 100-
fold increase (experiment 3) and an �3000-fold increase

Figure 4. 4-CH induces dystrophic melanin production and transfer. A–F:
Cultured HFs were embedded and processed for histology. Melanin granules
were detected. G: Masson-Fontana� conglomerates that were larger than
keratinocyte nuclei were counted in the defined region (indicated in white).
CTS, connective tissue sheath; ORS, outer root sheath; HS, hair shaft; PM,
precortical matrix. *P � 0.05, ***P � 0.000. Original magnifications, �100.
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(experiment 2) (Figure 6N). These large interindividual
variations with regard to the induction of the DNA com-
mon deletion may mirror the interindividual differences in
the alopecia-related chemotherapy sensitivity that is typ-
ically observed in clinical oncology.3

4-HC Treatment Causes HF DNA Oxidation

Next, we searched for evidence of 4-HC-induced DNA
damage by oxidation and investigated the expression
of 8-hydroxy-2�-deoxyguanosine (8-OHdG), the oxi-
dant of deoxyguanosine, which represents the most
commonly used indicator of DNA oxidative dam-

age.57,58 Indeed, as shown in Figure 6, H–K, the inten-
sity of 8-OHdG immunoreactivity was increased after
4-HC application in several HF compartments (matrix
keratinocytes, connective tissue sheath, and DP). As
an additional marker and independent evidence for
oxidative DNA stress, immunostaining for Ref1/APE1
was performed on 4-HC-treated HFs, because this en-
zyme is involved in base excision repair after DNA
damage associated with oxidative stress.39,40 As re-
vealed by ABC immunohistochemistry (Figure 6, L and
M), 4-HC also displayed prominently up-regulated
Ref1/APE1 immunoreactivity. The up-regulation of both
8-OHdG and Ref1/APE1 immunoreactivity by 4-HC was
dose-dependent (not shown). Taken together, this sug-

Figure 5. HRLM (i and ii) and TEM (iii–v) show severe ultrastructural changes in diverse cell types of human HF after 4-HC administration. a: No exposure to
4-HC. HFs exhibited normal anagen VI morphology and ultrastructure including dispersion of DP cells in copious extracellular matrix (i and v) and an intact HF
pigmentary unit (ii and iv). Keratinocyte differentiation appeared normal (iv), although some thickening of the basal lamina separating the DP and the matrix
was apparent (iv). b: Exposure to 1 �mol/L 4-HC. HFs exhibited anagen morphology and ultrastructure with some loss of matrix volume (i). DP cells were
dispersed in copious extracellular matrix (i and v) and the HF pigmentary unit appeared intact (ii and iv). Keratinocyte differentiation appeared normal (iv) and
proliferation among matrix keratinocytes was evident (ii). c: Exposure to 3 �mol/L 4-HC. HFs exhibited early catagen-like morphology and ultrastructure including
some loss of matrix and DP volume (i and v). DP cells contained large vacuoles and phagolysosomal inclusions (v). The HF pigmentary unit displayed some
perturbation including pigment accumulation, which suggested a reduction in melanin transfer efficiency (ii). Scattered degenerating keratinocytes were found
in the HF precortex. d: Exposure to 10 �mol/L 4-HC. HFs exhibited advanced catagen-like morphology and ultrastructure including a substantial loss of matrix
and follicular papilla volume (i and v). DP cells were distributed in a clumped manner and contained large vacuoles and phagolysosomal inclusions, some
containing melanin (v). The HF pigmentary unit contained some intact and functioning melanocytes, whereas other melanocytes exhibited degenerative change
(ii). Scattered degenerating keratinocytes were detected in the HF precortex. e: Exposure to 30 �mol/L 4-HC. HFs exhibited a dystrophic catagen-like morphology
and ultrastructure including a substantial loss of hair bulb epithelial volume and DP volume (i and v). DP cell number seemed to be reduced, and some cells
appeared necrotic and were observed to contain numerous large inclusions (v), some of which contained melanin and lipid-like inclusions. The HF pigmentary
unit was severely disputed with little evidence of functioning melanocytes remaining. Degenerating melanocytes were also detected high in the precortex, after
detachment from the hair bulb (iv). Keratinocytes of the precortex and cortex displayed evidence of widespread necrosis (iii). f: Exposure to 100 �mol/L 4-HC.
HFs exhibited a complete cytotoxic stasis characterized by a pseudo-anagen morphology derived from completed necrotic change in all cellular compartments.
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Figure 6. 4-HC increases the number of the p53-expressing cells, common DNA deletion, and DNA oxidation in a dose-dependent manner in HF organ culture.
A–G: KGF slightly, but significantly, diminishes 4-HC-induced inhibition of hair matrix keratinocyte proliferation and inhibits 4-HC-induced HF apoptosis: HFs
were treated with 4-HC (1 to 100 �mol/L), and p53 protein was detected on HF cryosections by tyramide signal amplification method. p53-positive nuclei/HFs
were counted. Data are expressed as mean � SEM, statistical analysis was performed using the Mann-Whitney U-test. **P � 0.01, ***P � 0.001. e, epidermis; CTS,
connective tissue sheath; ORS, outer root sheath; HS, hair shaft. H–N: Vehicle/4-HC-treated HFs were stained for 8-OHdG and Ref1/APE1 (specific indicators of
oxidative DNA damage). NC, negative control; MK, matrix keratinocytes. N: HFs were incubated with vehicle/30 �mol/L 4-HC, and homogenized and genomic
DNA was isolated for detection of the common deletion by real-time PCR. Relative induction of mitochondrial DNA deletion were compared with the vehicle (�1).
O and P: Double labeling of proliferating (red) and apoptotic (green) cells by Ki-67/TUNEL immunohistochemistry of vehicle (O) and KGF (P) pretreated HFs
exposed to 4-HC (30 �mol/L). The percentage of Ki-67- and TUNEL-positive cells is shown (Q and R) as mean � SEM. *P � 0.05. MK, matrix keratinocytes. R:
Human scalp HFs were pretreated overnight with 20 ng/ml KGF before administration of 10 �mol/L 4-HC (under continued stimulation with KGF), and they were
cultured for 48 more hours. The percentage of TUNEL� cells was counted (mean � SEM, *P � 0.05, ***P � 0.001). Original magnifications: �100 (A–H, J, and
N–R); �400 (I and K); and �200 (L and M).
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gests that toxic CYP metabolites exert their HF dystro-
phy-inducing effects at least in part via the promotion
of intrafollicular DNA oxidation.

4-HC Alters the Gene Expression Program of
Human HF

To screen for possible target genes associated with
CYP-induced human HF damage, we subjected two
independent sets of organ-cultured human scalp HFs
(derived from two different healthy female face lift pa-
tients) to DNA microarray. This was performed as a
commercial service (Human Whole Genome Oligo Mi-
croarray; Miltenyi Biotech), and rigid selection criteria
were used to single out differentially expressed genes.
When only equidirectional expression changes in HF
RNA extracts from both individuals with a P value of
�0.0001 and fold changes of more than twofold were
accepted as indications for differential gene expres-
sion, 101 up-regulated and 320 down-regulated genes
were identified, most of which are involved in the reg-
ulation of apoptosis, cell cycle, cell structure, and/or
cellular metabolism (see Supplemental Table 1, avail-
able online at http://ajp.amjpathol.org). Next, only
genes with the highest (ie, more than fivefold) expres-
sion changes were selected, and their differential tran-
scription was independently confirmed by real-time
quantitative PCR on RNA extracts derived from HF of a
third donor. This showed that 4-HC treatment for 48
hours in serum-free organ culture strongly down-regu-
lated the following genes (Q-PCR controlled): parathy-
roid hormone responsive B1 (B1), fibroblast growth
factor-18 (FGF18), Cohen syndrome 1 (COH1), SET
and MIND domain-containing protein (SMYD3), cad-
herin-associated protein delta2 (CTNND2), and glypi-
can 6 precursor (GPC6), and human interleukin 8 (IL-8)
was up-regulated by 4-HC (Figure 7).

KGF Slightly, but Significantly, Inhibits
4-HC-Induced HF Apoptosis
and Dystrophy and Diminishes the Inhibition of
Hair Matrix Keratinocyte Proliferation

Previously, we had shown that KGF inhibits massive
intrafollicular keratinocyte apoptosis in organ-cultured
human HFs treated with the free radical donor, menadi-
one.44 Therefore, we tested the effect of KGF on 4-HC-
induced HF apoptosis. When organ-cultured human
scalp HFs were pretreated overnight with 20 ng/ml KGF
before administration of 30 �mol/L 4-HC (under contin-
ued daily stimulation with KGF), 4 days later, the mas-
sively increased number of TUNEL� cells in the epithelial
hair matrix of HFs treated only with 4-HC (6.6 � 2.4%
versus 0.5 � 0.5% in vehicle-treated controls) was re-
duced by 55.34% in KGF-treated follicles (3 � 0.75%)
(Figure 6, O and P). Even though the large substantial
variations in the number of TUNEL� cells in all test
groups (as indicated by the large SEMs; n of HFs per
group � 14 to 18) prevented the level of statistical differ-
ence being reached (P � 0.05). This suggests that KGF
has the potential to counteract chemotherapy-induced
apoptosis in the HF matrix.

An additional short-term experiment further supports
the anti-apoptotic, protective activity of KGF in 4-HC-
mediated HF damage (Figure 6R). Human scalp HFs
were pretreated overnight with 20 ng/ml KGF. Ten �mol/L
4-HC was added under continued stimulation with KGF
for an additional 48 hours. 4-HC was able to induce
massive (P � 0.001) apoptosis already during this
shorter culture period. Importantly, the KGF pre- and
coadministration led to the significantly decreased num-
ber of apoptotic hair matrix cells (Figure 6R) (P � 0.001).

Finally, we examined the possible protective KGF ef-
fects on HF keratinocyte proliferation in vitro. HFs were
preincubated with vehicle or 20 ng/ml KGF overnight
before administering 4-HC (30 �mol/L) for 4 days. As
shown by quantitative Ki-67 immunohistomorphometry,
KGF slightly, but significantly (P � 0.05), increased the
number of Ki67�, proliferating hair matrix keratinocytes
compared with HF that had only been treated with 4-HC
(Figure 6Q).

Discussion

Here, we show that the serum-free organ culture of mi-
crodissected, normal human scalp HFs in anagen VI is
perfectly suited to reproduce and dissect the impact of
chemotherapy on human HFs in vitro. Note that the cur-
rent study was not designed to dissect which of the
observed damage responses of organ-cultured human
scalp HFs are specific to the agent tested and which
ones reflect general follicular response pathways to
chemical damage. We could reproduce the key
parameters of CIA-induced hair damage that has been
observed using pathological biopsies6,9,30,31,71 as sum-
marized in Table 1, which highlights and compares pub-
lished CYP-induced effects on HFs in humans in vivo, in
mice in vivo and in our in vitro model. Using a combination
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Figure 7. 4-HC alters the gene expression program of human HF. Gene
expression analysis of HFs from two different individuals (Microarray1 and
Microarray2) was performed using Human Whole Genome Oligo Microarray
(44K). HFs (20 per group) were treated with vehicle/4-HC (30 �mol/L) for 48
hours. Candidate genes were selected according to the following criteria:
equidirectional expression changes in both individuals, P value �0.0001,
more than fivefold change. For a confirmation Q-PCR analysis (Q-PCR) of the
above-selected genes was performed. Expression changes are displayed as
fold down- or up-regulations.

Chemotherapy-Induced Human HF Dystrophy 1163
AJP October 2007, Vol. 171, No. 4



of morphological and molecular techniques, we demon-
strate that these HFs respond to a key CYP metabolite
(4-HC) in a manner that imitates chemotherapy-induced
HF dystrophy and alopecia as it occurs in vivo: 4-HC
induces melanin clumping and incontinence, down-reg-
ulates proliferation and massively up-regulates apoptosis
of (predominantly) hair matrix keratinocytes, prematurely
induces catagen, and up-regulates p53. This confirms in
the human system previous key features dissected for CIA
in the best currently available mouse model.11,13,17–19 (Nat-
urally, caution is advised in directly comparing our in vitro
results with the in vivo situation, because one cannot predict
whether the 4-HC concentration tested in the current assay
would indeed induce alopecia if administered to patients.)

In addition, we show here that chemotherapy can in-
duce both follicular DNA oxidation and the mitochondrial
DNA common deletion in human scalp HFs, and provide
useful new pointers to potential target genes of chemo-
therapy-induced human HF damage. Moreover, this as-
say enables one to explore the modulatory properties of
prototypic cytoprotective candidate substances (here
KGF) on intact human scalp HFs.

Exactly as previously described for CYP therapy in
humans6,31 and mice11,23 in vivo, 4-HC predominantly
targeted matrix keratinocytes with their exceptionally high
proliferative potential, where proliferation was inhibited
and apoptosis massively up-regulated. This suggests
that 4-HC spontaneously converts to active toxic metab-
olites (eg, phosphoramide mustard, acrolein, and prob-
ably others25–27) in the culture medium and/or HF tissue.
Because phosphoramide mustard is the main alkylating
agent among these metabolites,72 it likely causes DNA
cross-linking in this epithelial HF cell population, which
exhibits one of the highest rates of cell proliferation of any
tissue in normal mammalian biology.52,73 However, be-
cause many studies have demonstrated that acrolein
alone is also potently able to induce both necrosis and

apoptosis in several cell types in vitro,28,74,75 acrolein
probably contributes to the observed HF-damaging ef-
fects of 4-HC. Dose-dependent apoptosis and necrosis
were also detectable by immunohistology and electron
microscopy in HF compartments beyond the hair matrix
(including the HF mesenchyme). Thus, these toxic CYP
metabolites are most probably capable of also disrupting
the intimate, bidirectional epithelial-mesenchymal com-
munication that is an essential prerequisite for anagen
maintenance and normal HF cycling.52,65,73 The reported
effects of 4-HC are likely not restricted/specific for 4-HC/
CYP, because most chemotherapeutic agents of the fam-
ily of alkylating agents (eg, carboplatin, ifosfamide, thio-
tepa, busulfan8) all cause very similar toxicological and
cell biological effects (dystrophic catagen induction, dis-
rupted melanogenesis).76,77 However, the specificity of
the HF effects described here for 4-HC needs to be
further investigated.

Patients receiving CYP therapy develop miniaturized,
premature catagen HFs associated with hair matrix
shrinkage and pseudo-expansion of the DP, whereas hair
shaft elongation during this initial period remains almost
unaltered.3,6,7 Again, our results perfectly reproduce
these well-appreciated clinical phenomena: 4-HC-treated
human HFs prematurely regress and are transformed to
catagen HFs, associated with a pseudo-increase in DP
volume, whereas hair shaft growth is inhibited only by
higher 4-HC concentrations. We cannot exclude that 4-HC,
in our in vitro system, exerts a lower HF-damaging activity
than CYP in vivo. Clinically, however, chemotherapy-in-
duced hair loss typically begins 1 to 3 weeks after treatment
initiation3 and HFs develop a protracted, relatively slowly
increasing dystrophic catagen transformation resulting in
alopecia.4–6,9 Because 4-HC treatment very rapidly in-
duces catagen transformation (which necessarily is an ap-
optosis-driven tissue involution event65) (first signs already
after 2 to 3 days), this strongly argues against the concept

Table 1. Comparison of CYP-Induced Hair Follicle Damage in Human System in Situ, in Human Skin/Severe Combined
Immunodeficient Model in Vivo, and in HF Organ Culture in Vitro

Parameter* CYP-treated patients Mouse CIA model

Human
skin/severe
combined

immunodeficient
model

HF organ
culture
model

Inhibition of hair shaft
elongation

Decreased rate of hair shaft
production4,6,30

Not directly investigated. Catagen
induction may suggest inhibition
of hair shaft elongation11

NA Yes

Increased apoptosis of
matrix keratinocytes

Yes31 Yes17,19,91 Yes91 Yes

Decreased proliferation
of matrix keratinocytes

Yes, decreased mitotic
activity6,31

NA NA Yes

Catagen induction Yes4–6,9,71 Yes11 Yes91 Yes
Disrupted melanogenesis

and melanin transfer
Disrupted: ectopic melanin

granules, clumping6,9
Disrupted: ectopic melanin

granules, clumping. Irregular
banding pattern of the hair
shaft11,18,35

NA Yes

Involvement of
up-regulated p53

NA Up-regulated p53 protein
expression, p53 knockout mice
do not show CIA17,91

Up-regulated p53
protein
expression91

Yes

NA, not assessed.
*Recognized key parameters relevant to the assessment of chemotherapy-induced hair follicle damage, in particular after cyclophosphamide

treatment.6,11,19,23
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that 4-HC in vitro is significantly less active than the precur-
sor from which it is metabolized in vivo (CYP).

As shown, most HFs treated with 100 �mol/L 4-HC
were arrested in a highly dystrophic and both necrotic
and apoptotic pseudo-anagen VI stage. Because of the
very high 4-HC concentration in this group, 4-HC-sensi-
tive HF cells essentially die immediately before they have
a chance to undergo the complex tissue remodeling
events that are an essential prerequisite for undergoing
the characteristic morphological alterations of the ana-
gen-catagen transformation,10 which requires perfectly
viable cells/tissue. Although the exceptionally high num-
ber of TUNEL-positive cells suggests DNA fragmentation
because of apoptosis, the TUNEL assay cannot exclude
with certainty concomitant necrosis (only ultrastructural
analysis is reliable in this respect). In fact, our TEM anal-
yses have revealed clear-cut ultrastructural signs of ne-
crosis, documenting that both apoptosis and necrosis
are induced by this very high 4-HC concentration.

A hallmark of HF dystrophy after CYP therapy is the
disrupted melanin production and transfer associated with
melanin clumping, ectopic melanin location, and irregular
melanin banding pattern of hair shafts.6,9,11,23,35 As shown
by Masson-Fontana histology, HRLM and TEM, the current
human HF assay fully reproduces the disruption of HF pig-
mentation seen in vivo (including the previously reported
proliferation of HF melanocytes after CYP treatment).18

This new model for studying human HF dystrophy also
suggests that follicular DNA oxidation and mitochondrial
DNA common deletion are relevant in the molecular
pathogenesis of chemotherapy-induced human HF dys-
trophy. Several mechanisms may be involved in the in-
duction of these DNA effects. 4-HC causes oxidative
DNA damage (including 8-OHdG up-regulation) through
H2O2 generation after 4-HC treatment,56 inhibits mito-
chondrial oxygen consumption, and impairs cellular res-
piration.78 In addition, the CYP metabolite acrolein (which
also generated from 4-HC in vitro27) induces oxidative
stress by depleting glutathione or by nuclear alkylation
reactions.28,79 Furthermore, acrolein decreases mito-
chondrial enzyme activities (mitochondrial complexes I,
II, and III; superoxide dismutase; and glutathione perox-
idase).80 Our results furthermore encourage one to ex-
plore the chemotherapy-protective effects of antioxidants
(ie, vitamin E, �-carotene, and melatonin)69,81,82 that
have been shown to protect from reactive oxygen spe-
cies-induced mitochondrial DNA damage to protect se-
lectively human scalp HFs (eg, after topical application
in HF-targeting liposomes83–86 from chemotherapy-in-
duced oxidative and structural mitochondrial and nuclear
DNA damage).

The relative apoptosis-protection awarded by KGF fur-
ther shows that our assay can also be used as a tool for
identifying and testing the effects of other candidate che-
motherapy protectants directly in the relevant human tar-
get organ in vitro. Thus, this novel assay serves a power-
ful, yet pragmatic tool for dissecting and manipulating the
impact of chemotherapy on the human HF under well-
controlled, serum-free, physiologically relevant condi-
tions that mimic key aspects of the clinical situation as
closely as this is currently possible in vitro.

Using standard DNA microarray technology, we could
also identify new molecular targets for chemotherapy-
induced HF damage, whose relative importance in the
pathogenesis of HF dystrophy now needs to be individ-
ually dissected in systematic follow-up studies. The main
therapeutic challenge here will be to clarify whether any
of these newly discovered candidate targets of 4-HC-
induced HF cytotoxicity can be exploited in the future
pharmacological management of CIA. Some of these
genes have not been considered previously in the con-
text of HF biology (eg, SMYD3, IL-8, GPC6), and open
new perspectives in the molecular pathology of chemo-
therapy-induced HF dystrophy, whereas others are al-
ready appreciated regulators of HF cycling (eg,
FGF18)87,88 or have known mutations associated with
distinct hair phenotype abnormalities (COH1).89

Ideally, the current in vitro assay should be comple-
mented by a murine in vivo assay90 that is based on the
original mouse model for CYP-induced alopecia11 yet
uses human scalp skin transplanted onto immunocom-
promised mice. In this manner, long-term effects of che-
motherapy on human HFs, in particular on their cycling,
hair regrowth and repigmentation characteristics could
be studied.91 However, such complex in vivo assays are
considerably more labor-, cost-, and time-intensive than
the simple, pragmatic human in vitro assay reported here,
and require both animal experimentation and special
surgical expertise. Thus, they are much less widely ac-
cessible. An additional caveat arises from the (typically
underestimated) concern that such mixed-species as-
says superimpose on the transplanted—exquisitely hor-
mone-sensitive92—human HF many potent, but highly
artificial, regulatory controls provided by host endocrine
signals. This surely complicates data interpretation. For
routine and large-scale CIA research purposes, the hu-
man in vitro assay system presented here, therefore, of-
fers a highly pragmatic, clinically relevant, instructive,
widely available, and cost-friendly experimental tool.
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